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Abstract 
This paper reports on a study on the effect of upscaling on the fatigue crack growth resistance of a FeAl alloy prepared by 
mechanical alloying and forging. The alloy selected is a FeAl 40 grade 3 alloy reinforced by oxide dispersion. A batch of 
material prepared on a large scale mechanical alloying facility and subsequently forged is considered and compared to a 
reference material prepared at a laboratory scale and hipped or forged. Microstuctural analysis indicates that the grain size is
coarser and the grain size distribution wider in the material obtained by upscaling. It is shown that, despite of these differences,
no significant effect on the fatigue crack growth behaviour is noticed. The dadN curve presents two characteristic regimes in the 
'K range explored, regardless of microstructure. The effect of periodic overloads is examined in order to get further insights into 
the damage tolerance of the material. It is shown that the propagation is significantly retarded as compared to constant amplitude
loading, regardless of the processing route. In addition this behaviour can be correctly accounted for by a Wheeler model. This
point is supported by fractographic observations of the post-overload crack advance. This result constitutes, to the authors’ 
knowledge, the first report of a retardation effect on crack growth in intermetallics. 
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1. Introduction 
The improvement of aerostructure performances requires the development of innovative materials and processes. 
In particular in many applications stiff and light materials based on intermetallic compounds are considered to 
replace conventional alloys such as steels or titanium alloys. Thus the Feal 40 grade 3 alloy developed by the 
CEA/CEREM in France [1] could meet the requirements for the replacement of these materials in the fabrication of 
structural components operating at temperatures up to 300°C. However the damage tolerance of these components 
has to be assessed and with this respect fatigue crack growth data are required. Fundamental mechanisms governing 
Fatigue Crack Growth (FCG) in the FeAl grade 3 alloy were studied in a previous study [2-4], mostly in the as-
hipped condition. Upscaling of the process in order to produce actual components was one the main issue tackled in 
the framework of the ALFA program sponsored by the National Agency for Research (ANR). This upscaling 
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implies mechanical alloying of larger batches of powders and forging of hipped compacts in order to produce large 
plates. It was then important to assess the FCG properties of the forged material and explore the variability of these 
properties as a function of the batch. In addition, in order to prevent over-conservative predictions, load history 
effects have to be taken into account and the point is that the issue of possible retardation effects in intermetallics 
has not been addressed so far. However considering the brittle behaviour of these materials, only limited retardation 
effects could be expected. Therefore the experimental work in the present study was undertaken to assess the 
influence of microstructure and load history on the fatigue crack growth resistance as a function of the processing 
route. 
2. Experimental conditions 
2.1. Material and specimens 
The material investigated is a B2 FeAl alloy developed by CEA/CEREM/DEM in Grenoble [1], France, and 
designated as HIP-Fe40Al. Grain size reduction is obtained by mechanical alloying. The powder metallurgy 
technique also permits the introduction of a nanometric oxide dispersion of Y2O3 particles (1 wt. %) within the 
microstructure in order to enhance strength and inhibit grain growth during consolidation of the material and thermal 
treatments. 
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Figure 1: machining plan of CT22specimens plate (a) in the R0 plate; (b) in the MK25 plate. 
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(a) (b) 
Figure 2. Microstructure observations of the materials (a) Secondary electron imaging observations of the R0 microstructure by field emission 
gun scanning electron microscopy: grain size and oxide dispersion (b) TEM observation of the MK25 material. 
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Figure 3. TEM observation of the MK25 microstructure. 
10 µm Grain size (µm)
F
ra
ct
io
n
 a
re
a
0
0,02
0,04
0,06
0,08
0,1
0,12
0,14
0,16
0 1 2 3 4 5 6 7 8 9 10
F
ra
ct
io
n
 a
re
a
(a) (b)
Figure 4: (a) Electron backscattered diffraction mapping of grain size distribution in the R0 batch, (b) grain size distribution. 
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Figure 5: Electron backscattered diffraction analysis of the MK25 material, (a) microstructure in the S-T plane (b) grain size distribution in the S-
T plane; (c) microstructure in the L-T plane (d) grain size distribution in the L-T plane.  
Two distinct batches of material have been considered in the work presented here. The first batch of material was 
prepared with a powder previously produced by CEA using a pilot scale rotating ball-mill and forged by Forges de 
Bologne within the context of the ALFA program. The hipping conditions were: 1100°C /1000 bar / 1h. The forged 
piece was circular, so that only one orientation was considered for crack growth testpiece. The FCG specimens were 
machined in the blocks B2 to B7 of Figure 1 a. This batch is designated as R0 hereafter. The second batch of 
material fully developed as part of the ALFA and designated MK25 in the following. In this case the powder was 
produced in large-scale rotating ball-mill and hipped at 1100°C/1000 bars during 2 h. The machining plan of 
specimen in the forged plate is given in Figure 1b.
Figure 2a and Figure 4 present the microstructure of the R0 batch. More precisely, Figure 2 a shows the oxide 
dispersion, with the presence of coarse oxides at grain boundaries and a fine dispersion within the grains for the R0 
microstructure. The average grain size, as determined by EBSD analysis (Figure 4), is 3.5 Pm, i. e. slightly higher 
than in as-hipped or extruded material [2]. In addition the presence of a small population of coarser grains almost 
homogeneously distributed is noticed. The coarse grains might be due to recrystallization during the forging. The 
microstructure of the MK25 material is presented in Figure 2b, Figure 3 and Figure 5. A TEM micrograph of the 
MK 25 is presented in Figure 2b. The distribution of grain sizes is analysed by EBSD in Figure 5. The average grain 
size is 3.62 Pm in the S-T plane and 6.04Pm in the T-L plane. The presence a small amount of very large grains (30 
Pm) is also noticed in this orientation, which might affect some mechanical properties. 
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2.2. Fatigue crack growth tests 
The test pieces are Compact Tension specimens with width W=22mm and thickness B=5mm. Most of FCG Tests 
were conducted in the laboratory air on a servo-hydraulic machine MTS 810 with a capacity of 100kN. Crack 
closure measurements were performed using the method of variation of complacency with a capacitive sensor. 
Environmental effects have been evaluated by conducting test under ultra high vacuum (<10-7 mbar) on an Instron 
servo-hydraulic machine equipped with a special chamber. 
3. Results and discussion 
3.1. Constant amplitude loading at room temperature 
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Figure 6: FCG resistance in air at room temperature of R0 and MK25 batches as compared to as-hipped material [2]. 
Figure 6 presents a compendium of FCG data collected on the R0 and MK25 batches and compared to data 
previously obtained on specimens machined in small compacts of hipped material. It can be seen that that upscaling 
has no detrimental effect on the fatigue crack growth resistance of the alloy produced. Furthermore, the forged 
material allows investigating a high 'K region, which was not possible on the as-hipped material, presumably due to 
improved fracture toughness. In this regime, the Paris law exponent is much lower than in the low 'K regime. 
Typical values of Paris law parameters obtained for the MK25 material are given in Table 1. Meanwhile fracture 
surfaces (Figure 7) are also extremely similar to those obtained on the as-hipped material [4]. One can however 
notice the presence of large smooth facets in R0 and MK25 materials. These facets might be related to the coarse 
grains observed in Figure 4 but do not seem to alter the FCG resistance under constant amplitude loading. 
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(a) (b) ( c )
Figure 7 : fracture surface for batch MK25, R=0.5, 20°C and da/dN=4.5x10-7 m/cycle (a) general view (white arrow: growth direction; (b) left 
facet at higher magnification; (c) right facet at higher magnification. 
Table 1. Values of Paris Law parameters (MK25 TL 20°C, R=0.5, da/dN expressed in m/cycle). 
C m
mMPa9K ' 5.81 x 10
-14 6.63 
mMPa9K !' 6.08 x 10
-10 2.83 
3.2. Environmental influence 
The influence of environment has been investigated by comparing the FCGRs obtained in air and in Ultra-high 
vacuum under constant amplitude loading with a load ratio R=0.5 in order to ensure extremely limited effect of 
crack closure. The results are reported in Figure 8. It can be seen that the fatigue crack growth resistance is 
drastically altered in the slow growth rate regime (typically <10-7 m/cycle), while this environmental effect tends to 
disappear above the knee in the da/dN curve. These results are consistent with the analysis of environmental effect 
previously proposed for the as-hipped material [2,4-7]. This effect was mainly attributed to the influence of water 
vapour adsorption. 
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Figure 8: Influence of environment on the fatigue crack growth resistance of the MK25 material. 
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3.3. Fatigue crack growth under periodic overloads 
Investigation of FCG resistance under variable amplitude loading is important in order to limit overestimation of 
the propagation life. In order to evaluate possible load history effects in the case of the material produced in the 
program, tests have been performed under periodic overloads applied every 1000 cycles of the baseline loading at 
R=0.1.The results are presented in Figure 9 a. A pronounced retardation effect is noticed when comparing FCGRs at 
R=0.1 with or without overload application. Thus, for the lowest 'K values considered, FCGRs are two orders of 
magnitude lower than under constant amplitude loading. Crack closure measurements indicate that this retarded 
behaviour cannot be accounted for by closure effects enhanced by overloads. Indeed the U factor as defined by 
Elber [8]: 
¸
¹
·¨
©
§
'
' 
K
K
U eff
is higher than 0.8 in the entire explored range and not different from that measured under constant amplitude loading 
at R=0.1. 
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Figure 9: comparison of fatigue crack growth rates measured under constant amplitude loading and constant amplitude loading with periodic 
overloads (R0). (b) Comparison of experimental with predictions of Wheeler’s model. 
SEM examination of fracture surfaces reveals an extremely smooth surface for the lowest values of K, similar to 
that observed under constant amplitude loading in the low FCGR regime. At higher 'K values, the presence of 
regular markings on the fracture surfaces is noticed. A careful examination at higher magnification reveals that these 
markings result from a contrast due to the succession of a smooth beach of smooth propagation characteristic of a 
slow propagation, and a more tortuous beach which may corresponds with higher FCGRs [9]. Table 2 compares the 
measured values of local and macroscopic FCGR for 2 'K values. The good agreement provides an additional 
support to the assumption that the sequence "dark band - clear band" corresponds to the post-overload crack 
advance. The phenomenology of the "delay" effect exhibited corresponds quite well to the basic assumptions of 
Wheeler's model [10]. This model is based on the determination, for a given cycle, of a retardation factor noted Cp
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which reaches its maximum values immediately after the surcharge and that evolves as the crack evolves within the 
plastic zone created by the overload, Cp is given by: 
O
¸¸¹
·
¨¨©
§
'
 
aR
R
C
ov
0
p ,
where R0 represents the size of the current plastic zone, Rov denotes the size of the plastic zone created by the 
overload, 'a is the post overload crack growth and O is a material parameter. Preliminary calculations have been 
carried out using the following values: O=4.5 and Vy=710MPa. These simulations indicate that the post-overload 
crack propagation is confined in the overload plastic zone in the 'K range explored. Additionally they show a 
reasonable agreement with the experimental data, which gives a further support to the analysis presented above. 
However this point deserves additional experiments, for instance by making the periodicity of overloads or the 
overload rate vary, in order to get deeper insights into retardation mechanisms. Meanwhile numerical simulations of 
stress/strain fields at the crack tip, taking into account the cyclic stress/strain behavior of the material, would be also 
needed. A retardation effect is also observed in the MK25 material as shown in Figure 10. The retarded behaviour is 
extremely close to that of the R0 alloy for 'K >15 MPam. Accordingly the observation of the fracture surfaces 
reveal the same type of contrasts at high 'K values and the same agreement between microscopic crack advance and 
macroscopic FCGR (Figure 11). In particular Figure 11 c and d clearly show the contrast between the more ductile 
aspect of the overload region (right hand side) and the smooth cleavage-like surface of the highly retarded post-
overload crack propagation (left-hand side). However it should be noticed that at the lowest 'K values, the 
behaviour of the MK25 alloy is not characterised by a drop in FCGRs as observed in the R0 batch, although the 
propagation is still retarded. This difference might be related to differences in microstructures and in the resulting 
differences in cyclic hardening at the crack tip. Additional investigations on the cyclic stress-strain behaviour of 
these alloys would be required to analyse this behaviour in further details. 
Table 2. Comparison of microscopic and macroscopic FGCRs for two 'K values. 
 microscopic
FCGR
macroscopic
FCGR
Markings (low mag.) Markings (high mag.) 
'K=26 MPa x m1/2

2,7 x.10-8 
m/cycle 
2 x.10-8 
m/cycle 
'K=29,5 MPa.m1/2

3.6 x.10-8 
m/cycle 
2.6 x.10-8 
m/cycle 
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Figure 10: comparison of the fatigue crack growth behaviour under periodic overloads of the R0 and MK25 material. 
(a) (b) 
(c) (d) 
Figure 11. Fracture surface observations of the post overload propagation at different magnification ('K| 28.5 MPam, macroscopic FCGR: 2.8 
x 10-8 m/cycle, microscopic FCGR: 3.8 x 10-8 m/cycle, crack growth direction from right to left). 
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4. Summary and conclusions 
It has been demonstrated that upscaling in the production of the mechanically alloyed FeAl 40 grade 3 alloy has 
no significant impact on the fatigue crack growth resistance. In the domain of low 'K values of, it is also 
comparable with that of as-hipped material. It is furthermore noteworthy that in the forged products (R0 and MK25), 
probably thanks to a higher toughness, a high 'K propagation domain can be explored. This domain is furthermore 
characterized by a gross reduction in the Paris law exponent. Another marking result of this study resides in the 
strongly retarded propagation observed under the application of periodic overloads. It is probably the first evidence 
of a fatigue crack growth retardation effect, which is well-known in conventional metallic alloys, in the case of an 
intermetallic alloy. The damage tolerance of this alloy should be reconsidered on the basis of this result even if high 
fatigue crack growth rates and high Paris law exponents puts it at a disavantage. However complementary studies 
are still necessary to assess this type of behaviour under different loading spectra and to improve the understanding 
and the description of this highly beneficial effect from the viewpoint of the damage tolerance of the FeAl 40 grade 
3 alloy.  This might in particular imply the gain of an improved knowledge of the cyclic stress train behaviour. 
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